Our challenge is to fabricate practical all-inorganic electroluminescent devices using colloidal quantum dots with presenting new aspects of electroluminescence mechanisms. The electric field effect on the excitation of a quantum dot with a hot electron that results in saturated chromatic electroluminescence was studied by timeresolved spectral transient properties at room temperature. Fast and very slow radiative recombination transition pathways are newly distinguished in the electroluminescence related to carrier confinement in the quantum dot under an electric field.
Introduction
We have fabricated alternating current-driven electroluminescent (EL) devices [1] with a proprietary liquid-dispersed particle ion beam deposition (LIQUID) method [2] using semiconductor colloidal quantum dots (QDs) [3, 4, 5] , which are conventionally synthesized in a solution phase. Saturated EL originated from transition between quantum confined states have been observed from the QD-EL devices. The devices have several advantages for practical applications such as durability against humidity and heat, and less limitation for electrode material selectivity by work functions. There still remains lack of satisfactory knowledge about the transient behavior of carriers based on impact excitations by hot electrons in all-inorganic QD structured layer to understand the potential capability. Determinations of the transition rate constants of the radiative states relevant to the carrier confinement in the QD structured film are fundamental quantitative indices to understand the efficiency and its guideline for improvement. In this letter, EL spectrum and transient EL phenomena at room temperature were studied to understand the transition process from electron acceleration to electronhole recombination that leads to photon emission using rather defective QDs, purposely.
Electroluminescent devices
A rough sketch of the EL mechanism accompanied a previous report [1] . The typical device structure and the mechanism are schematically illustrated in Fig. 1 (a) . The number of electrons in ballistic flight is directly reflected in the EL intensity because of multiplicationless electron flights. The typical all-inorganic QD-EL device had a stacked thin film structure analogous to the conventional thin-film EL devices [6] . Such as; electrode/ TaO x (50-400 nm)/ ZnS (2-10 nm)/ QDs (5-50 nm)/ZnS (2-7.5 nm)/QDs (5-50 nm)/ ZnS (2-10 nm)/ TaO x or BaTaO x (200-400 nm)/ indium tin oxide (ITO) or indium zinc oxide (IZO) electrode (100-150 nm)/ glass substrate ( Fig. 1 (a) ). Densely packed QD layers were deposited by LIQUID from a colloidal solution of CdSe/ZnS core/shell-type nanocrystals with a core diameter of 5.1 nm which gave a photoluminescent spectral peak at 620-625 nm (2.00-1.98 eV). The band diagram of the device in a state of thermal equilibrium is shown in Fig. 1 (b) . The zinc sulfide (ZnS) film was deposited as a buffer layer using a molecular beam epitaxy apparatus. A thin BaTaO x layer adopted on the TaO x layer as the electron emitter [7] . The photograph of Fig. 1 (c) shows the fully transparent device emitting red EL. shows the EL spectra of the QD-EL devices driven at 100-180 V p-p with a 60 kHz rectangular waveform at room temperature. The distinctive main peaks at 620 nm (photon energy of 2.0 eV) can be attributed to that which has originated from radiative recombination via the lowest confined states or by the annihilations of confined excitons in the QDs. The EL intensity increased with the applied voltage on the electrodes ( Fig. 1 (c)  inset) . When the applied voltages exceeded a threshold of about 140 V corresponding to an electric field of 4 MV/cm in the active layer, subsidiary EL peaks appeared and increased following the applied voltage, because we intentionally used rather defective QDs for understanding recombination transition process. It should be noted that the threshold field of 4 MV/cm is consistent with the sufficient excitation energy for the radiative confined state 2 eV, when the acceleration range (i.e., the thickness of the buffer layer) is greater than 5 nm.
The observed spectra can be deconvoluted into a main peak and a few subsidiary peaks, regardless of the peak position on higher than the main peak. These spectra suggest the presence of some other competitive relaxation pathways that are concomitant to the recombination transitions between quantum confined states. The origin of the unrepresentative subsidiary peaks are expected to be relaxation processes from surface states or defects in the QD layer, because the appearance of these peaks vary by the source QDs and/or the EL devices themselves, uncertainly. As supporting evidence, the intensity of the subsidiary peaks was obviously weaker when a colloidal QDs with a higher quantum yield in the photoluminescence, which is speculated to have less defects and surface states, are applied as the source.
3 Discussion about time resolved transient behavior Fig. 2 (a) shows the time resolved EL charts in specific wavelength ranges. The applied rectangular voltage waveform is also shown in the figure. We newly found three significant behaviors with streak camera measurements. First, the EL spectrum around the trailing-edge ( Fig. 2 (a) right inset) exhibited a blue shift of about 3 nm (9 meV) against the leading-edge ( Fig. 2 (a) left inset) throughout the EL peak range. It is consistent with the observed peak shift in the voltage dependency of the EL spectra shown in Fig. 1 (c) . Fig. 2 (b) shows the trend in EL spectra. Second, when the applied voltage exceeded the threshold, the subsidiary EL peaks appeared in the leading-edge pulse, immediately after the electric field rise up (Figs. 1 (c) inset and 2 (b)). The subsidiary peaks were located around both the long and short wavelength sides of the main peak, at around 520 nm and 720 nm. However, the only main peak was observed at the trailing-edge; immediately after the electric field vanishes ( Fig. 2 (a) ). The trailing-edge EL pulse intensity tended to be saturated when the applied voltage was increasing. Third, the EL pulse had fast and slow decay components with rates constants of 0.6 µsec and 7 µsec, respectively. These constants appeared over all wavelength regions regardless of the timing of the appearance, because there is some common pathway before final recombination relaxations; the fast decay reflects the blunt edge shape of driving voltage waveform, the slow decay depends on the resonant energy transfer [11] as details described below and in Fig. 2 (c) . The previous paper [1] describes the decay rate with respect only the fast one. The accelerated hot electron can excite the electron occupying the confined state in the valence band into delocalized quasicontinuum states or localized higher discrete confined states, when the kinetic energy of the hot electron rises much above the bulk band gap energy of the shell material. Some research has suggested that the exciton likely takes a binding energy of the order of 10 −2 eV in a strong electric field [8, 9, 10]. In other words, the excitonic orbital states properly remain at significant lower levels than the individually confined level even in a strong field. The observed peak shift can be attributed to the excitonic binding energy due to a concordance of the distinct shift value and the field [10] . In contrast, with the case of individual electron and hole confinement, a sufficient eccentric spatial configuration The EL intensities were integrated on a 20-nm window from streak scope image data. Inset: leading-edge (left) and trailing-edge (right) emission spectra. The EL spectra were integrated over a 6-µs window. (b) EL intensity as a function of applied peak-to-peak voltage. The vertical axis corresponds to the integrated EL energy at a certain combination for corresponding timing and peak wavelength (for example "L-625 nm" means leading-edge and 625 nm peak EL) (c) Model of energy level in the presence of an electric field. A plausible energy diagram with hypothetical interrelations among the ground state, the lowest excited confined sate (degenerate state of the lowest triplet and singlet.), the excited states above the lowest confined state, and the defect states relevant to the EL emerges around 2 eV is schematically illustrated. Roughly estimated transition rate constants for each transition process are assigned as k 1 -k 5 . Nonradiative transition pathways, which could exist in parallel to the radiative transitions related to the observed EL, are omitted in the picture.
excited carriers in the delocalized quasicontinuum state or the higher localized confined states in the QD structure, the generated carriers can transit to the discrete individual confined states rapidly in parallel with the countervailing transition to the defect states due to limited extension of the wave function. Even the radiative defect level concerned with the emission peak at 550 nm (2.25 eV) which is higher than the excitonic level (620 nm, 2.0 eV), can be excited. When the electron-hole pair directly transits to the excitonic states, the formed exciton can make a subsequent radiative transition corresponding to the EL main peak, with or without an intersystem crossing. Regarding the observed slow EL decay, resonant energy transfers [11] are expected to make a long lifetime reverb effect among proximate quantum dots, because of the closed-packed configuration of the deposited film consisting of monodispersed QDs. Evidentially, the observed slow component has individual-device-dependent various lifetimes, which has a value of 7 µs for the present sample. The excited carriers in the higher confined states can transit to the lower confined state in parallel with the transitions to the defect states in an electric field. Because of a distribution in the electron kinetic energy, the impactgenerated electrons and holes can be excited to the confined states over a wide energy range depending on the energy acquired. Some highly excited carriers create a strong resonance state, which results in the slow EL decay with a lifetime on the order of microseconds, in the quasicontinuum states. Meanwhile, some barely excited carriers in the lowest confined state create a faster decaying component of the EL. The observed time constant of about 0.6 µs corresponding to the fast decay component was probably defined by a rise time of about 1 µs at the blunt leading-edge of the applied waveform. The hot electron can also excite the defect states directly, if their collision cross-section is large enough. However, the observed subsidiary EL peaks have similar decay curves with the main peak on the leading-edge. It is inferred that a common preliminary excited state determines the decay for the confined states and the defect states.
The resonant energy transfer [11] could be realized because the underlying lower excited confined states are occupied by an eccentrically dislocated electron-hole pair with an extremely long lifetime (quantum confined Stark effect, QCSE). The transitions accompanying the defect states therefore exhibit a slow decay as well. After the electric field vanishes, individually confined carriers in the extremely long-lasting states overlap their wavefunctions resulting in the appearance of monochromatic luminescence on the trailingedge. The lifetime of the individually confined electron-hole pair in the strong field is estimated to be more than 0.1 ms (QCSE) with a voltage pulse width dependency of the EL intensity on the trailing-edge. The emitted EL spectrum in a zero field has a blueshift of about 9 meV compared to the emitted EL in a strong field of several MeV/cm.
Conclusion
We investigated the electrons that excite QDs and the electric field effect on EL of all-inorganic EL devices with defective colloidal QDs. When a rectangular waveform was applied, an exclusive EL peak originated from the confined states was observed on the trailing-edge, in contrast to the subsidiary peaks due to the defect state observed on the leading-edge. The EL pulse on the leading-edge had both fast and slow decay components. They can be attributed to highly excited and barely excited quantum dots. It is suggested that an electron-hole pair with an extremely long lifetime causes the saturated chromatic EL pulse on the trailing-edge.
